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1. INrRODUCTION 

S o i l  water content  has been shown to be highly cor re la ted  with radiometr ic  sur face  tempera- 
t u r e s ,  an: a number of s t u d i e s  have demonstrated t h a t  the s u r f a c e  temperature increases  as the  
s u b s t r a t e  s o i l  water content  decreases. (See Hatf ie ld  et al. (1983) and Carlson (1984) f o r  a summary 
of articles on t h i s  research.) As par t  of a study t o  model t h e  a v a i l a b l e  water I n  the unsaturated zone 
using thermal Inf ra red  data, t h i s  paper is a f i r s t  look a t  s o w  a i r c r a f t  measurements t h a t  show a 
c o r r e l a t i o n  between microwave measured s o i l  water content and radiometr ic  sur face  temperatures. 

During an experiment held i n  the  summer of 1983 near Voves, France, a c t i v e  microwave and 
thermal i n f r a r e d  measuraPents were made during the e a r l y  af ternoon aboard a French a i r c r a f t  f l y i n g  a 
g r i d  p a t t e r n  over a f l a t ,  a g r i c u l t u r a l  region south of Par i s  c a l l e d  the  Beauce. The vegetat ion con- 
s i s t e d  mainly of wheat and corn, with some stands of trees. The i n f r a r e d  sensor  was a Barnes PRT-S 
radiometer which has a oeasurement accuracy t o  within .S degrees cels iue.  The a c t i v e  microwave 
measurements were taken with the E-&& scatteroaeter ( 5 . 5 5  G9r 3X-CW) >-:k z k c i & x e  zngle of 
eleven degrees f o r  minimizing the e f f e c t s  of roughness and therefore  maximizing t h e  accuracy of s o i l  
water measurement. Cal ibra t ion  mtssions of the microwave measureoents were performed with reference t o  
in-s i tu  measurements of soil water content; the c o r r e l a t i o n  c o e f f i c i e n t  was .89 between t h e  microwave 
back scatter c o e f f i c i e n t s  and the  ground measurements of t h e  soil water content i n  t h e  f i r s t  t en  
centimeters. Accordingly, soi l  water content was converted d i r e c t l y  from backsca t te r ing  c ross  s e c t i o n  
t o  s o i l  water content. The scat terometer  and radiometer were munted so tha t  t h e  two inst raments  were 
taking measurements of t h e  same ground a r e a  simultaneously, f i v e  measurements per second, w i t h  each 
having a sur face  sampling area of approximately 40 meters squared. The average f l i g h t  a l t i t u d e  w a s  
about 400 meters. 

during 
28 and 

Data w a s  c o l l e c t e d  during July and September of 1983; t h e  dates i n  J u l y  were 8 and 12 Ju ly  
a period of drying following a 6 J u l y  r a i n f a l l  episode; the  September dates were the  20, 23, 26, 
29 Septembex fo l lov ing  a 19 September r a i n f a l l  episode. Data segments along two of the a i r c r a f t  

l e g s  were se lec ted  t o  d iscuss  because they represent a l t e r n a t e l y  the poorest and bes t  c o r r e l a t i o n  of 
sur face  temperatures with microwavederived s o i l  water content  measurements, respec t ive ly  on 8 Ju ly  
(1:45 LT) and 26 September (3:4S LT). 

T o  examine the da ta  through t ime  and perform some d e s c r i p t i v e  s t a t i s t i c s ,  a s t a t i s t i c s / g r a p h l c s  
package (SAS) was used t o  plot  the microwave and thermal IR data ,  and t o  perform c o r r e l a t i o n s  between 
them. Figure 1 shows a p lo t  of the temperature resonse as  t h e  sensor  was flown over a w e s t  t o  e a s t  
t r a n s e c t  near the  town of Voves 00 8 July. Figure 2 shows a p lo t  of the  s o i l  m i s t u r e  values measured 
along t h e  same t ransec t .  In  order t o  gain a simple v i s u a l  comparison between the  temperature and 
microwave measurements, the  two l i n e s  a re  overlain on the  same p l o t ,  using a cubic sp l ine  t o  f i t  the  
poin ts  ( s e e  f i g u r e  3). Note the inverse r e l a t i o n  between t h e  dcrowave backscat ter  and the  sur face  
temperature a t  the  poin ts  where the  sensor was flown over road sur faces  (A, B, D, L, M, N on f igure  3)  
which are very dry and h v e  a high surface temperature. Figure 4 1s a t ransec t  flown on 26 September, 
over approximately the  same area as i n  f i g u r e  3. Note t h a t  f o r  the same roads (poin ts  B, D, L, M), the  
d a t a  aga in  shov t h a t  a l o v  s o i l  water content c o r r e l a t e s  with a high surface temperature. However, f o r  
t h e  26 September case, t h i s  inverse r e l a t i o n  is demonstrated over the e n t i r e  t ransec t .  For both of the 
cases ,  the subset  area labe l led  on f igures  3 and 4 were p l o t t e d  t o  show the v a r i a t i o n s  of the microwave 
and thermal i n f r a r e d  response on a f i e l d  basis ( s e e  f i g u r e s  5 and 6 ) .  

2. RESULTS AND DISCUSSION 

The f i r s t  and mst important observation is the poor c o r r e l a t i o n  between the microwave 
backsca t te r  c o e f f i c i e n t s  and the  thermal in f ra red  measured tenperaturea f o r  t h e  8 Ju ly  case (shown i n  
f i g u r e  3) .  The c o r r e l a t i o n  coef f ic ien t  f o r  the  e n t i r e  d a t a  *goent is ,3459. The c o r r e l a t i o n  beKWeen 
these  same data  types 
previous research. Possible  explainat ions (not yet  confirmed) f o r  t h i s  lack of c o r r e l a t i o n  of the 
vegetated 8 Ju ly  case are: 

-.779S for  the  26 September case, which is what would be expected given 
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1)  For the  Ju ly  case, the  p lan ts  may be i n  e f f e c t  " in tegra t ing"  the ava i lab le  water because 
they a r e  using the water a t  depth ( i n  the root zone). I f  the  sur face  temperature was being inf luenced 
by the amount of water a v a i l a b l e  at  a depth of perhaps 45 cm or more, and the  v a r i a b i l i t y  of t h i s  s o i l  
water content is not as  g r e a t  aa t h a t  at 0-10 an (being measured by the  microwave), there  would be a 
d i f fe rence  i n  the  v a r i a b i l i t y  of the sur face  temperature and the microwave measurements. This 
d i f fe rence  in v a r i a b i l i t y  could decrease the c o r r e l a t i o n  between the remotely measured temperature and 
s o i l  moisture f o r  any given point. 

i f )  There could be a d i f fe rence  in the "measurement depths" between the July and September 
For the  Ju ly  case, t h e  thermal infrared sensor  is measuring temperatures t h a t  a r e  l a r g e l y  cases. 

inf luenced by the water a v a i l a b l e  t o  the plants  i n  the  root zone (much deeper than 10 cn), while t h e  
microwave backsca t te r  c o e f f i c i e n t s  are mst highly c o r r e l a t e d  with the  top ten cent ipe te rs .  For t h e  
September case, with near ly  bare s o i l  conditions, the  thermal i n f r a r e d  temperatures are more inf luenced 
by the s o i l  water content near t h e  sur face ,  and the  microwave backscat ter  c o e f f i c i e n t s  are again mst 
c o r r e l a t e d  v f t h  the  s o i l  water content i n  the f i r s t  ten centimeters. 

iii) I f  the stomates were closed f o r  some reason o ther  than lack  of ava i lab le  water, the  p lan t  
temperatures measured by the  t h e m 1  inf ra red  sensor  could be m c h  higher  t h a t  what would be expected 
f o r  a given s o i l  water content. 

Another observat ion is the  possible  lack of a s i g n i f i c a n t  c o r r e l a t i o n  between remotely measured 
s o i l  water content and sur face  temperatures v i t h i n  an ind iv idua l  f i e l d .  
t h e r e  is a c o r r e l a t i o n  c o e f f i e n t  of -.326 f o r  8 J u l y  and -.484 f o r  26 September. 
( f i e l d  71, the  c o r r e l a t i o n s  are +.403 f o r  8 July and -.18 f o r  26 September ( see  Table I). 

For one corn f i e l d  ( f i e l d  10) 
For t h e  f o r e s t  s tand 

Fina l ly ,  it can be seen from f igures  5 and 6 t h a t  there  is a greater v a r i a t i o n  of microwave 
backsca t te r  c o e f f i e c i e n t s  than sur face  temperature . This would tend t o  support t h e  idea t h a t  the  
V a r i a b i l i t y  of s o i l  moisture is greater i n  the sur face  layers  of the s o i l .  

Table 1. 

DATE 

8 Ju ly  

26 Sept. 

FIELD COVER SURFACE TEMPERATURE MICROWAVE H 

a l l  data (mixed cover) 29.7 +/- 1.98 -2.10 +/- 2.26 9165 
segment 3 (mixed) 30.1 +/- 1.98 -1.87 +/- !.77 1004 
segment 3 
subse t  (mixed cover) 30.4 +/- 1.15 -.660 +/- 1.52 218 
f i e l d  10 (corn)  29.1 '+I- .308 -.os1 +/- .98+ 68 
f i e l d  7 (woods) 29.2 +/- 1.07 -2.80 +/- 1.23 29 

a l l  data (mixed cover) 31.3 +/- 2.79 
segment 3 (mixed) 31.4 +/- 3.02 
segment 3 subset 
(mixed cover) 30.8 +/- 2.92 
f i e l d  10 ( s tubble)  26.8 +/- -537 
f i e l d  7 (woods) 32.4 +/- 3 3 8  

-3.98 +/- 2.82 7556 
-3.15 +/- 2.82 926 

-2.94 +/- 2'.69 232 
.250 +I- ,155 73 

-4.61 +/- ,642 24 

Temperature (degrees  C e l s i u s )  
VOWS 8 JULY 1083 DATA 3 C y L w T  3 

i 4 .1. b. > 

Figure 1. West t o  east  t r a v e r s e  showing the thermal i n f r a r e d  response. 
T ime  of day  approximately 1:45 LT 
7 ,  and t h o  l o c a t i o n  of tho aubsrt to be exroiard litor. 

Note l o c a t i o n s  of f i e l d s  10 and 
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Temperature (degrees Celsius) - - - - - 
Soi l  water content (cm*+3/cm**3 x 10**2) 

VOWS 8 JULY 1983 SEGMENT 3 
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Figure 3. Combined p lo t  for so i l  water content and temperature. !ate the 
h v e r s e  relatiso si the ;et;-=-ras itr roads : x i n t 3  A.B,D.,.X.N:. 

Fimre 2.  Soi l  water content measured u i th  active microwave, same transverse 
as in figure 1. 
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Temperature (degrees  C e l s i u s )  - - - - - - - 
Soil water c o n t e n t  (cm**3/cm**3 x 10882) - 

' I  
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T i m e  i n  seconds D B 

Figure  4 .  Combined remotely measured s o i l  water conten t  and s u r f a c e  
temperature f o r  approximately t h e  same transect as i n  f i g u r e  3, ' 
d a t a  taken  on 26 September a t  approximately 3:45. Note t h e  i n v e r s e  
r e l a t i o n  of the  microwave and temperature  responses. The road 
l o c a t i o n s  are t h e  same a s  i n  f i g u r e  3. 

temperature  (degrees  C e l s i u s )  - - - - 
S o i l  w a t e r  conten t  (cm**3/cn**3) - 
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Figure 5 .  Combined temperature and soil water conten t  responsor f o r  t h e  
subse t  of d a t a  segment 3. Note t h a t  t h e  v a r i a t i o n  f o r  soil water 
conten t  wi th in  a f i e l d  is much g r e a t e r  than t h e  v a r i a t i o n  of 
temperature. 
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V -  

Temperature (degrees  C e l s i u s )  - 
S o i l  water conten t  (cr*+3/cm**3 

. nNR. 

- 
VOVES 28 SEPTEMBER A9EST$EC 3 SUBSET 

I* 1 , .  , , ,  , 1. 

~ l ~ * * s ~ ~ ~ * ~ : ~ ~ ~ ~ ~ i ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ? ~ ~ ~ ~ i ~ ~ ~ : : : : : : : ~ ~ : ~  

T i m  in ssaanda 

Figure 6. Combined temperature and s o i l  water conten t  f o r  t h e  s u b s e t  of 
d a t a  aement 3, f o r  t h e  26 September cane. 
v a r i a b i l i t y  of the s o i l  water conten t  measured by t h e  aicrouave.  

Note aga in  the greater 

3. CONCLUSION 

The data analyzed so f a r  has indicated a s t rong  negative c o r r e l a t i o n  between remotely sensed 
so i l  vatcr content and sur face  temperatures for t h e  near bare soi l  condi t ions of 26 September, while 
f o r  t h e  same area an 8 J u l y  there  is l i t t le  cor re la t ion  between the  remotely sensed s o i l  water content  
and sur f  ace  temperature. 
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